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ABSTRACT

A human cDNA containing the complete coding region for the lysosomal glycoprotein glucocerebrosidase

(EC 3.2.1.45) was introduced Into the genome of Autographa californica nuclear polyhedrosis virus down-

stream from the polyhedrin promoter. Infection of Spodoptera frugiperda cells (SF9) with recombinant

virus produced high levels of glucocerebrosidase, 40% of which was in the culture medium. The amino-ter-

minal amino acid sequence of the recombinant^ produced enzyme was identical to that of mature, human

placental glucocerebrosidase, demonstrating that the signal sequence of the buraan proenzyme was recog-

oized and appropriately removed in the SF9 invertebrate cells. The glucocerebrosidase in both the culture

supernatant and SF9 cell pellet was glycosylated and contained, in part, high mannose oligosaccharide.

These results demonstrate that insect cells can be used to produce abundant quantities of active mature hu-

man glucocerebrosidase that contains high mannose oligosaccharide as a consequence of post-translational

processing.

INTRODUCTION

Mutations in the gene for the lysosomal enzyme glu-
,

cocerebrosidasc (EC 3.2.1.45, 0-D-glucosyl-/V-acyi-

sphingosine glucohydrolase) result in the sphingolipidosis

called Gaucher disease (Ginns et a/., 1984; Tsuji et «/.,

1987). Although the biochemical defect is present in all tis-

sues, the accumulation of the neutral glycosphingolipid

glucosylceramide occurs predominantly within reticuloen-

dothelial cells. Qn the basis of clinical signs and symptoms,

Gaucher disease has been divided into three major pheno-

types: type I, non-neuronopathic; type 2, acute neurono-

pathic; and type 3, chronic neuronopathic (Barranger and

Ginns. in press). Despite the stereotypic presentation of type

2 disease, within the type 1 and type 3 phenotypes there is

marked variation in age of symptom onset and severity as

well as in organ involvement. To understand more fully

the biochemical basis for the heterogeneity seen in the dif-

ferent phenotypes of Gaucher disease, investigators have

focused their attention on both biochemical and structural

characterizations of normal and mutant giucocerebrosi-

dases (Ginns et a/., 1982, 1933; Aerts et at., 1985; Fabbro

et ai, 1987; Graves et al. t 1986).

Although the amino acid sequence of normal human

glucocerebrosidase tias been determined by both direct

chemical sequencing of placental glucocerebrosidase (B.

Martin, unpublished data) and from cDNA (Ginns et at.,

1984, 1985: Sorge et a/., 1985; Tsuji et a/., 1986) and

genomic DNA (Choudary et a!, t 1985) deduced amino acid

sequences, neither the active site nor other functional do-

mains of even the normal enzyme have been well charac-

terized (Grabowski et al. t 1984, 1985b). However, it has

been demonstrated that the mutations causing Gaucher

disease result in catalytically defective glucocerebrosidases

(Brady et aL t 1965; Patrick, 1965) that differ from the nor-

mal enzyme in stability (Jonsson et at. , 1985), post-transla-
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tional processing (Ginns et aL, 1982, 1983, 1984; Erickson

etaL, 1985; Grattowski era/., 1985a; Jonssonef aL, 1987),

and/or corapartmentalization (WUIemsen etaL, 1987). Al-

though some of these allelic mutations have been docu-

mented by sequencing type 1 (Tsuji et at. , in press) and

type 2 (Tsuji et aL, 1987) genomic DNAs for glucocere-

brosidase, sufficient quantities of homogeneous mutant

enzyme have not been available to carry out extensive

structural analyses.

To determine whether sufficient glucocerebrosidase

could be produced recombinant^ for both structural anal-

yses and in vivo therapeutic evaluations, we investigated

the feasibility of producing abundant quantities of normal

human glucocerebrosidase using a recombinant baculo-

virus derived from Autographa California! nuclear polyhe-

drosis virus (AcNPV) in eukaryotic insect cells (Smith et

aL. 1985; Matsuura et aL, 1987; Maeda et aL, 1985).

Under transcriptional control of the polyhedrin pro-

moter in the recombinant nuclear polyhedrosis virus, the

normal human glucocerebrosidase cDNA directed the syn-

thesis of abundant quantities of glycosylated, active en-

zyme. In this report we compare structural and biochemi-

cal properties of the native human placental enzyme with

those of the SP9 cell pellet and culture supernatant forms

of glucocerebrosidase produced using the baculovirus-de-

rived expression vector.

MATERIALS AND METHODS
Materials

Restriction endonucleases and recombinant enzymes

were obtained either from Life Science Technologies or

New England Biolabs. Concanavalin A-Sepharose was ob-

tained from Pharmacia. Octyl- and decyl-agarose were

purchased from ICN Biomedicals, Inc. Polyvinylidene di-

fluoride (PVDF) membranes, 0.45 pm pore size, were ob-

tained from MiUipore Corp. Sequencer chemicals and sol-

vents for on-line PTH analysis were purchased from Ap-
plied Biosystems Inc. Endoglycosidase-H was from Miles

Scientific while N-glycanase was purchased from Genzyme
Corp.

Construction of recombinant baculoviruses

Spodoptera frugiperda SF9 cells, plasmid pAc373 t and

wild-type AcNPV strain E2 were obtained from Max Sum-
mers (Texas A & M University). The SF9 cells were main-

tained in culture at 28°C using TNM-FH media (GIBCO)
(Hink, 1970). The cDNA for human glucocerebrosidase

was obtained from plasmid pUCi9/GC, a derivative of an
Okayama-Berg clone from a SV40*transformed human
fibroblast cDNA library (Okayama and Berg, 1983). This

cDNA contained 5' and 3' untranslated sequences as well

as the complete coding region for glucocerebrosidase. As
shown in Fig. 1, pAc373/GC was generated by ligation of

the blunted Eco Rl-Xba I fragment from pUCl9/GC into

the blunted unique Bam HI site of pAC373. Correct orien-
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FIG. 1. Construction of the baculovirus-derived vector

pAc373/GC containing human glucocerebrosidase cDNA.
The Eco Ri^Xba I fragment from pUC!9/GC that con-

tained the complete coding region for human glucocere-

brosidase was blunted with Klenow polymerase. This in-

sert, containing both the mature enzyme and signal peptide

coding sequences, was ligated in a 5' to 3' orientation into

the Bam HI site (also blunted with Klenow) of pAc373
downstream from the polyhedrin promoter.

tation of the glucocerebrosidase cDNA insert was deter-

mined by restriction endonudease analysis.

Recombinant baculovirus containing the human gluco-

cerebrosidase coding sequence under transcriptional con-

trol of the polyhedrin promoter was produced by cotrans-

fection of wild-type virus, AcNPV, with plasmid pAc373/

GC into SF9 cells (Summers and Smith, 1987). Five to six

days after cotransfection, virus was harvested from the

culture supernatant and used to inoculate new monolayers

of SF9 cells in Petri dishes that were subsequently overlaid

with 1.5% low-melting agarose containing TNM-FH me-

dium. Seventy-two hours later, the agarose overlay was re-

moved and stored at 4°C, and the cell monolayer was

blotted onto a nitrocellulose disk (BA85, Schleicher &
Schuelt). The disk was hybridized to the random primed

"P-labeled Eco Rl-Xba I glucocerebrosidase cDNA.frag-
ment from pUC19/GC (Wahl et aL, 1979; Feinberg and

Vogelstein, 1983)* Areas on the agarose overlay corre-

sponding to points on the nitrocellulose disk showing hy-

bridization signal were excised and placed in l-ml ofTNM-
FH medium. This virus was used for infection of SF9
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monolayer cultures, and an additional five cycles of infec-

tion-hybridization were carried out during the plaque puri-

fication.

Enzyme purification

Recombinantly produced glucocerebrosidase was par-

tially purified using a modification of the procedure de-

scribed by Furbish et aL (1977). Cell culture supematants

were precipitated, with 195 g/liter ammonium sulfate. SF9

cell pellets containing the recombinantly produced gluco-

cerebrosidase were extracted into 25 mAf sodium phos-

phate buffer pH 6.5, containing 150 mAf NaCI and 0.19b

Triton X-100, followed by sonication twice at 50 W for 10

sec. After precipitation with ammonium sulfate (195 g/

liter), the resuspended pellets were extracted with n-buta-

nol as described, but ultrafiltration using a YM30 mem-

brane (Amicon) replaced dialysis. After decyl- and octyl-

agarose hydrophobic interaction chromatography at room

temperature, the fractions containing glucocerebrosidase

activity were pooled, and the ethylene glycol concentration

was reduced using an Amicon ultrafiltration cell fitted with

a YM30 membrane.

Carbohydrate characterization

Endoglycosidase-H was dissolved in 100 mAf sodium

acetate pH 6.0 at a final concentration of 10 U/ml. N-Glyc-

anase was supplied as a 250 U/ml suspension in 50% glyc-

erol. Either human placental enzyme or 50-/J allquots of

the decyl-agarose fractions containing glucocerebrosidase

activity were adjusted to 0.5% NaDodSO«/l Af 0-mercap-

toethanol and boiled for 2 min. The samples were then di-

luted with appropriate buffer to either 200 mAf sodium

acetate pH 6.0 (for cndoglycosidase-H) or 200 mM sodium

phosphate pH 8.5 (for /V-glycanase) and a final composition

of 0.1% NaDodSO,, 0.7% NP-40, and 0.02 Af /3-mercap-

toethanol (Trimble and Maley, 1984; Tarentino et aL,

1985). The samples were again boiled for 1 rain, and then

endoglycosidase-H and Af-giycanase were added to final

concentrations of 50 raU/ml and 20 U/ml. respectively.

Digestions were for 16 h at 37°e. Carboxypeptidase Y was

used as a control for both deglycosylation reactions.
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transfer buffer (0.01 Af CAPS, 10% methanol, pH 11.0)

for 10 min prior to transblotting (50 raA for 4 hr). The gel

was then washed with HPLC-grade water for 5 min.

stained with 0.1% Coomassie Blue R250 (in 50% metha-

nol) for 5 min. and finally destained for 10 min with 50%

methanol-10% acetic acid. The PVDF membrane was

again washed with HPLC-grade water, dried under^a

stream of nitrogen, and stored in a sealed bag at -20°C

until used for amino acid sequencing.

Amino acid sequence analysis was accomplished using

an Applied Biosystems Model 470A gas-phase sequencer

equipped with a Model 120A on-line PTH-amino acid

analyzer. The program 03R PTH was used directly for se-

quencing without pretreatment of the membrane strip with

Polybrene. An approximately 2 x 8 mm piece of PVDF

membrane containing the protein band of interest (Fig. 4,

below) was excised, centered on the Teflon seal, and

placed in the cartridge block of the sequencer. Multiple

strips of the PVDF membrane could be stacked in this

manner, thus increasing the amount of protein available

for sequencing. The initial and repetitive yields for se-

quencing recombinant glucocerebrosidase were calculated

by comparison with the yields obtained after 100 pmotes of

human placental glucocerebrosidase were electrophoresed,

transblotted to PVDF, and subjected to 10 cycles of amino

acid sequence (Table 1).

Glucocerebrosidase assays

For pH profile and inhibition experiments, glucocere-

brosidase activity was measured using 100 mAf potassium

phosphate buffer containing 0.15% Triton X-100, 2.5 p\ of

0-D-[l-uC]glucocerebroside (7.5 mg/ml in sodium tauro-

cholate at 50 mg/ml), and sample in a total volume of 200

t& (Oinns et a/., 1982). Preincubations with conduritol-B-

epoxide were for 30 min at 37°C (Leglcr, 1977). For Km
determination, /J-glucosidase activity was assayed at pH

5.9 using the artificial substrate 4-methylumbelufeiyl-0-r>

glucopyranoside (4MUGP) in 100 mAf potassium phos-

phate buffer containing 0.15% Triton X-100 and 0.125%

sodium taurocholata (Peters et aL, 1976; Wenger et aL,

1978). Purification of recombinant glucocerebrosidase was

also monitored using 4MUGP.

Western blot analysis

NaDodSO«-poiyacrylamide gel electrophoresis and

Western blot analysis were performed as previously de-

scribed by Ginns et aL (1982).

Amino acid sequence analysis

Samples used for amino acid sequence analysis were

electrophoretically fractionated on NaDodSO« polyacryl-

amide gels as described above and then transferred to

PVDF membranes as described by Matsudaira. (1987).

Briefly, after electrophoresis, the gel was incubated in

RESULTS

Expression of human glucocerebrosidase

in SF9 cells

Cotransfection of SF9 cells with PAc373/GC (Fig. I)

and wild-type AcNPV DNA using a modification of the

calcium phosphate precipitation technique (Graham and

van der Eb, 1973) generated recombinant baculovirus that

contained human glucocerebrosidase cDNA. As early as 5

days after the initial infection. Western blot analysis of

culture medium demonstrated the presence of cross-reac-
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Table I . Repetitive Yield op Recombinant and Placental Human
Glucoceeebrosidase during Sequence Analysis

/

Repetitive

yield*m
Amt.t> (pmole): 77 14 49

placental

enzyme

Amt.*(pmole): 14 7 14

enzyme in

media

Amt.b (pmole): 10 2 6

enzyme in

cell pellet

Initial yield 77%

- 43 31 23 11 40 45 92

9 10 7 2 10 10 90

3 4 1 tr 3 2 90

Repetitive yield was calculated from P3 to P6.
bAmount transblotted was estimated by comparison to the intensity of bands obtained by transfer

of 100 praoles of human placentaJ glucocerebrosidase (media 18 pmoles; cell pellet 13 pmoks).

live material (CRM) to human glucocerebrosidase (data

not shown) that was similar to the pattern shown in Fig. 2,

lane M4. Recombinant baculovirus was subsequently

plaque-purified as described above and used to infect SF9

invertebrate cells. Seventy-two hours postinfection, the

SF9 cell pellets and culture medium were harvested. West-

ern blot analysis of both recombinantly produced enzyme

following decyl-agarose hydrophobic chromatography and

purified human placental glucocerebrosidase is shown in

Fig. 2, lanes PI, M4, and C7. Prominent bands of cross-

reactive material to human glucocerebrosidase were seen at

59 kD in the culture medium (Fig. 2, M4) and at 65 kD in

the cell pellet extract (Fig. 2, C7) lanes. Both the cell pellet

and culture medium-associated glucocerebrosidase CRM
showed a minor band at 52 kD. In contrast, human pla-

cental glucocerebrosidaseCRM showed a major band at 65

kD. These apparent molecular weights for recombinant

human glucocerebrosidase are in good agreement with

those previously reported from Western blot (Oinns et a/.,

1982) and pulse-chase (Erickson et of.. 1985; Jonsson et

at. t 1987) analyses of human tissues and cell lines. Western

blot analysis of SF9 cells infected only with the wild-type

baculovirus did not show any CRM to human glucocere-

brosidase.

Recombinant, glucocerebrosidase is active

in SF9 cells.

The eukaryotic SF9 cells infected with recombinant

baculovirus and the culture medium were harvested 72 h

postinfection. From 1.2 x 10* SF9 cells infected with re-

combinant baculovirus, the cell extract and culture me-

dium (200 ml) contained 400,000 units and 270.000 units of

glucocerebrosidase activity, respectively. After the decyl-

agarose hydrophobic chromatography step in the purifica-

tion procedure, from 15 to 40% of this initial enzyme ac-

tivity was recovered. The invertebrate eukaryotic SF9 cells

infected with only wild-type baculovirus showed no signifi-

cant glucocerebrosidase activity, consistent with. the ab-

sence of enzyme CRM.
The pH profiles of human placental and recombinantly

produced human gluoocerebrosidases are shown in Fig. 3.

In all three cases, peaks of activity are observed between

pH 4.5 and 5.0 and pH 5.5 and 6.0. The Km values for the

recombinant glucocerebrosidase from the cell pellet and

culture supernatant were 3.6 mM and 3.3 mAf, respec-

tively. After 30 min of incubation at 37°C with the specific

catalytic site inhibitor conduritol-B-epoxide, the placental

as well as recombinant cell pellet and culture supernatant

glucocerebrosidase activities were greater than 95% inhib-

ited at both pH 4.5 and pH 5.5.

Glycosylation of glucocerebrosidase in SF9 cells

Since the post-translational processing of human gluco-

cerebrosidase normally involves carbohydrate modification

(Takasaki era/., 1984; Erickson etaL, 1985; Furbish et ai,

1981; Aerts el al., 1986; Murray et a/., 1985), we investi-

gated the pattern of glycosylation in SF9 cells. All recom-

binantly produced glucocerebrosidase activity in both the

SF9 cell pellefand culture medium bound to Concanavaliri

A-Sepharose at 4°C, and could be eluted with or-methyl-

mannoside at 37°C (data not shown).

Treatment of either human placental enzyme or the re-

combinant glucocerebrosidase in the culture medium or

cell pellet (Fig. 2, lanes P2, M5, and C8, respectively) with

endoglycosidase-H resulted i n minor changes in the CRM
pattern. However, incubation of the placental or recombi-

nant glucocerebrosidases (Fig. 2, lanes P3, M6, and C9, re-
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riG. 2. I—blot detection of the

^shown in lanes P2, MS. C8, and P3. M6. C9. respectively.

spectively) with /V-glycanase produced a dramatic decrease

in the apparent molecular weights of all three species, with

the major CRM form appearing at approximately 52 kD in

each case.

Sequence analysis of recombinant

glucocerebrosidase

To delerrnine whether the amino-terminal processing of

recombinant glucocerebrosidase in the invertebrate eukary-

otic SF9 cells Is identical to that in human tissue, we se-

quenced the recombinant enzyme. Fractions from the

decyl-agarose hydrophobic column that contained gluco-

cerebrosidase activity were pooled, electtophoretically

fractionated on polyaaylamide gels, and transblotted to

PVDF membranes as described above. As seen from the

Coomassicstained PVDF membrane (Fig. 4, lanes 1 and 2)

only two major protein bands were present. Western blot

analysis confirmed that only the lower band contained

CRM to human glucocerebrosidase (data not shown).

TypicaUy/approxfmately 2 ,ig of total protein per gel lane

transferred to the PVDF membrane. The results obtained

from sequencing placental and recombinant glucocerebros-

idases are shown in Fig. 5. Each sample gave a single

unique amino acid sequence. The amino-terrrunal sequence

of recombinant glucocerebrosidases from the SF9 cell pel-

let and culture medium was identical to that of the punfied

human placental enzyme. The blank in posiuon 4 of the re-

combinant enzyme sequences is consistent with cysteine be-

cause a cysteine at this position in the purified
4

placental

enzyme could only be identified after reduction and allevia-

tion. The repetitive yields arc shown in Table I;. From

these data it is clear that the signal peptide of the preen-

zyme was correctly removed from the recombinant gluco-

cerebrosidase produced in the invertebrate insect cells.

DISCUSSION

Our results demonstrate that high levels of active human

glucocerebrosidase can be synthesized by the invertebrate

SF9 cell-baculovirus expression system. It has been shown

previously that the maturation of human glucocerebrosi-

dase involves removal of a signal peptide (Oinns et aL %

1985) followed by carbohydrate processing that involves

the conversion of high mannose to complex oligosac-

charide chains (Erickson et ai, 1985). Microsequence anal-

ysis of recombinant glucocerebrosidase fromboth the SF9

insect cell pellet and culture supernatant demonstrated that

the amino-terminal sequence was identical to that of hu-

man placental glucocerebrosidase (Tsuji et al. t 1986). Im-

portantly, the glycoprotein-processing mechanisms within

the insect cells were able to recognize and appropriately

cleave the mammalian signal peptide of glucocerebrosidase

and produce a mature glycosylated protein having an
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CULTURE SUPERNATANT

PLACENTAL ENZYME

3.5 4.0 4.5 5.0 S.5 6.0 6.5 7.0 7.6 8.0

PH

FIG. 3. Comparison of pH profiles of human placental

glucocerebrosidase to recombinant!/ produced enzyme.
Assays were performed using (

l4C]glucocerebroside as de-

scribed in the text.

-A3
FIG. 4. Coomassie stain of polyvmyudine difluoride

membrane (PVDF) containing electroblotted protein.

Three micrograms of phosphorylase b, 4 fig of albumin,

and 5 us of ovalbumin were used as standards (lane S).

Approximately 1 pg of partially purified recombinant glu-

cocercbrosidase from infected SF9 cell pellets (lanes 1 and
2) was fractionated electrophoretically, transferred to the

PVDF membrane, and stained with Coomassie, and amino
acid sequence was determined as described.

AIG Ctl CGC IOI «f Ctt C&C CCC IQC AIC CCT MA ACC HC CCL

H A 6 SCAftPCirxSPC

A t 9 C I f « $ t C

I 9 K S f C :c»ltttrtmdl«

:Sf» call

FIG. S. Amino-terminal sequence of recombinant gluco-

cerebrosidase in the SF9 cell pellet and culture superna-
tant. The mammalian peptidase cleavage site is indicated

by the arrow. In the recombinant sequences, the blank (-)

at position 4 is consistent with the presence of cysteine,

since this amino acid was seen in the placental enzyme se-

quence only after reduction and alkylation of the sample.

amino-terminal sequence identical to that of human pla-

cental glucocercbrosidase.

Although the major bands ofCRM to human glucocerc-

brosidase in the culture medium and cell pellet had appar-

ent molecular weights of 59 kD and 65 kD (fig. 2), respec-

tively, both contained a minor band of CRM at 52 kD.

The molecular weight of this minor band is consistent with

the previously reported size of the unglycosylated form of

human glucocercbrosidase, suggesting that a small propor-

tion of the recombinantly produced enzyme does not con-

tain carbohydrate (Erickson et aL, 1985).

Previously, it had been demonstrated that glycosylation

of human glucocerebrosidase and other glycoproteins in

heterologous cells is species specific (Sheares et aL , 1986;

Choudary et aL, 1986c). Therefore, it was reasonable to

expect that the pattern of glucocerebrosidase CRM in SF9
invertebrate ceUs might not be identical to that seen in hu-

man tissues. Treatment of recombinantly produced en-

zyme with /V-glycartase produced a single form at 52 kD
(Fig. 2, lanes M6 and C9), confirming the presence of /V-

linked carbohydrate. The changes in the molecular weight

of glucocerebrosidase CRM after endoglycosidase-H diges-

tion (Fig. 2, lanes M5 and C6) indicate that human gluco-

cerebrosidase produced in these invertebrate cells has at

least some high-mannose oligosaccharide chains. These re-

sults also suggest that after the removal of the signal pep-

tide, the post-translational processing of the recombinantly

produced glucocerebrosidase in SF9 insect cells is similar

to that in human tissues, arid only involves carbohydrate

modification (Erickson et aL, 1985).

The pH profile of human glucocerebrosidase synthesized

in insect cells using the bacuiovirus expression vector is

very similar to that reported for glucocerebrosidase iso-

lated from human tissues (Fig. 3) (Aerts et aL, 1985). The

glucocerebrosidase in the cell pellet and culture superna-

tant had Km values of 3.6 mM and 3.3 mAf, respectively,
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close to that reported for normal human spleen giucocere-

brosidase (Km - 8 mAf) (Basu et al , 1984). The recombi-

nantly produced glucocerebrosidase was also appropriately

inhibited by conduritol-B-epoxide, a specific active site in-

hibitor (Legler, 1977; Grabowski et a/.. 1985b). Based on a

specific activity of t.6 x 10« U/mg for purified human

placental glucocerebrosidase, approximately 2.2 mg of

active recombinant enzyme could be produced in 2 days

from 1 Hter of insect cell-recombmant baculovirus culture

(6.0 x t0» cells).

Although a number of expression systems might be trica

for production of large quantities of proteins (Choudary et

at 1986a, 1986b; Reiner et aL. 1987), the structure and

biological activity of the recombinant gene product should

be as close as possible if not identical to the natural pro-

tein Changes in post-translational modifications due to

either the host cell processing machinery or to in vitro

mutagenized cDNA changes could result in either in-

creased or decreased biological function. This report dem-

onstrates that the invertebrate baculovirus-SF9 cell exprcs-

sion system appropriately processes the mammalian signal

sequence of human glucocerebrosidase, produces enzyme

that is N-glycosylated, and can be used to rapidly produce

targe quantities of active human glucocerebrosidase.
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